Given that the complex mix of structural, cultural, and institutional factors has produced barriers for women in science, an equally complex intervention is required to understand and address them. The Athena SWAN award scheme for gender equality has become a widespread means to address barriers for women's advancement and leadership in the United Kingdom, Ireland, Australia, the United States of America, and Canada, while he European Commission is exploring the introduction of a similar award scheme across Europe.
Background
Given that the complex mix of structural, cultural, and institutional factors produces barriers for women in science, an equally complex intervention is required to address them [1] . It has been argued that gender inequalities persist due to "culture, processes and practices that constitute the structural systems of contemporary organizations and therefore are taken for granted and mostly left unchallenged" [2] [3] [4] . Several studies also reveal how deep-rooted assumptions about academia being a meritocracy reproduce inequalities, and call for scrutinizing the existing practices, procedures and structures [5] [6] [7] [8] . While the structure of academic organizations reproduces gender stereotypes, such as power relations and distribution of women and men at top level positions, career prospects, etc. [9] [10] [11] , policy makers and academic leaders have for a long time failed to recognize and address institutionalized structural and cultural barriers that hinder women's advancement and leadership in academic and research organizations [5] . In the recent decade, the focus on structural and cultural barriers has gained prominence and been successively "built into the funding schemes of different agencies supporting interventions to reduce gender inequality in science" [12] . Most notably, the Athena SWAN Charter globally and gender equality policies in the European Research Area provide support and incentives for academic and research organizations to address structural and cultural barriers to women's advancement and leadership through action planning.
The Athena SWAN Charter was established in the UK in 2005 to encourage and recognize the commitment of higher education and research institutions to advancing careers of women in science, and in 2015, it was expanded to arts, humanities, social sciences, business, and law [13] . When institutions join the Athena SWAN Charter, they commit to systematically assessing and advancing gender equality through action planning and apply for awards recognizing their success. Applications are peer reviewed by academics, subject experts, human resources and equality and diversity practitioners from other member institutions who then make recommendations on the level of awards [13] :
 A Bronze award requires an assessment of gender equality and the related challenges as well as a 4-year action plan to address these challenges;
 A Silver award recognizes the successful implementation of the proposed action plan and its measurable impact;
 A Gold award recognizes beacons of achievement in gender equality and champions in promoting good practice in wider community.
Athena SWAN has become a common means to address barriers for women's advancement and leadership in the UK, Ireland, and Australia; the United States of America (USA) and Canada use modified approaches, and discussions are underway in India and Japan. In the UK, the National Institute for Health Research (NIHR) requires the Athena SWAN Silver award as a prerequisite for applying for competitive biomedical research funding [14] . In Ireland, by 2023, higher education and research institutions will be required to hold the Athena SWAN Silver award to be eligible for competitive government research funding [15] . In Australia, the Australian Academy of Science and the Australian Academy of Technology and Engineering runs the Athena SWAN gender equality award scheme as part of the Science in Australia Gender Equity (SAGE) program [16] . In the USA, the American Association for the Advancement of Science (AAAS) uses a modified Athena SWAN selfassessment and improvement framework as part of its STEM Equity Achievement (SEA) Change programme [17] . In Canada, the government has committed to implementing a "made-in-Canada" Athena SWAN initiative [18] . India and Japan have also expressed interest in trialling the Athena SWAN framework [19] .
In the wider European Research Area (ERA), three strategic objectives for fostering gender equality in research and innovation are promoted: (i) more women in research, (ii) more women in leadership positions, and (iii) the integration of the gender dimension in research and curricula [20] . The development and implementation of gender equality action plans is a key instrument for promoting structural and cultural change in the European Research Area. Although the European Commission (EC) adopted the structural change approach as late as in 2011 [21] , efforts have significantly intensified in recent years, particularly, following the introduction of the Responsible Research and Innovation approach [22] . 1 A number of multi-national European projects focus on the implementation of gender equality action plans tailored to research institutions in a number of European countries producing a substantial knowledge base and establishing a set of best practices.
Yet, in some countries the development of GE action plans still remains in an embryonic stage, and in some other countries where implementation is underway, institutional change needs to be further promoted and evaluated [23, 24] . 2 To further activate cultural and structural change in research organisations and universities wide across Europe, the European Commission explores scenarios for the introduction of a gender equity award scheme similar to Athena SWAN [25] .
In this paper, based on the most recent research [12, 26] and rich empirical data, we argue that to activate effective gender equality structural and cultural change, it is necessary that interventions acknowledge and operationalize the notion of complexity as their frame of reference. The paper is organized as follows. We first present our methods. Secondly, we focus on the design and implementation of 16 Athena SWAN Silver action plans in Medical Sciences at one of Europe's leading universities, Oxford University, analyse gender equality interventions thematically, and present the results in a comparative European perspective using the complexity approach. Finally, we discuss Athena SWAN as a complex social intervention, formulate practical implications for impact assessment of Athena SWAN and other complex gender equality interventions, and outline strategic opportunities to strengthen gender equality policies in the European Research Area.
Methods

Study aim and objectives
The aim of this study is to analyse Athena SWAN Silver action plans in Medical Sciences at Oxford University, using a complexity approach and a comparative European perspective. The objectives of the study are as follows:  To discuss how a complexity approach can provide insights for policy and practice.
Study setting and context
The study is set within the context of Medical Sciences at the University of Oxford. The university tops the Times Higher World University Rankings [27] , outperforms other universities in EU research funding competitions [28] , and files more international patent applications to the World Intellectual Property Organization than any other university in Europe [29] . To ensure its competitive advantage, the university is actively seeking new ways to attract the best students, recruit and retain the most talented staff, and increase research funding. Thus, advancing gender equality in education, research, and innovation is one of the key strategic priorities for the university [14, [30] [31] [32] 
Data collection and analysis
The study is based on the document analysis of all 16 departmental Athena SWAN Silver action plans in Medical Sciences at the University of Oxford. We collected the required action plans from a dedicated university webpage, all successful award applications and action plans are publicly available [33] . We extracted data pertinent to the design and implementation of gender equity interventions, classified the target population of each action by gender and staff category, analysed these data thematically [34] , and coded the emerging themes in Microsoft® Office using categories from the 2015 Athena SWAN Charter Awards Handbook [35] . In doing so, we were sensitised by the concept of complexity and used the process of constant comparison to synthesise emerging themes in a comparative European perspective, as described below. We reached consensus on themes and comparison by agreement. We also reflected on our own prior views and experiences, which may have influenced our analysis and interpretation of data.
Complexity approach
Under the complexity approach [36, 37] , interventions are considered as part of the complex system within which they take place. A complex system is characterised by a multitude of components, which through continuous interaction create a system-level organisation with the whole greater than the sum of its components and by positive feedback processes, in which outcomes of the process are necessary for the process itself [38] . Typically, a complex system operates in a multi-layered context and dynamically adapt in response to changes in the environment. In complex systems there is a multitude of contextual variables that interact in complex, nonlinear ways [36] . "Complex systems are adaptive-they respond to changes. This central feature of complex systems is what makes them distinct from systems that are merely complicated" [36] .
Complexity in research organisations is a dynamic complex framework that adapts, interacts and coevolves with other systems, rather than being a stable arrangement of different contextual features [26, 39, 40] . What embodies complexity in complex interventions is disproportionate interactions (e.g. a proportionally small intervention can make a vast difference in some point in time), recursive causality with strengthening loops, and emergent outcomes that need to be addressed instantaneously [37] . Greenhalgh and Papoutsi [40] conclude that instead of a linear, cause-andeffect causality, the complexity paradigm is characterized by "emergent causality: multiple interacting influences account for a particular outcome but none can be said to have a fixed 'effect size'", and a pragmatic adaptation to changing contexts and emerging circumstances. Another aspect of complexity that helps us understand and manage variations across local contexts is selforganisation [41] . Manifestation of self-organisation takes place through specific action patterns that depend on locally available resources and local contextual conditions that can promote or impede successful implementations [42] . Operationalizing the notion of complexity as a frame of reference implies thus multiple areas of intervention with a focus on the local dynamics [26] . [24] , GEDII (Gender Diversity Impact -Improving research and innovation through gender diversity) [44] , GENERA (Gender Equality Network in the European
Comparative European perspective
Research Area) [45], Gender-NET (Promoting Gender Equality in Research Institutions and
Integration of the Gender Dimension in Research Content) [46] , PRAGES (Practicing Gender Equality in Science) [47] , and STAGES (Structural Transformation to Achieve Gender Equality in Science) [48] 3 .
An overview of the EFFORTI typology of gender equality interventions in research and innovation is
presented in Additional file 1.
Results
In total, 16 Athena SWAN Silver action plans contain 547 actions pertaining to gender equality interventions. On average, there are 34 actions per action plan. The target population of the Athena SWAN Silver actions analysed by gender are all genders indiscriminately (88%), women (11%), and men (1%). The target population of the Athena SWAN Silver actions analysed by student and staff category are academic and research staff (52%), all staff (32%), students (1%), students and staff (4%), and professional and support staff (1%). Thematic analysis of actions against the relevant sections and sub-sections of the 2015 Athena SWAN Charter Awards Handbook [35] has resulted in five themes and 22 sub-themes. According to frequency analysis of actions by theme, "Organisation and culture" (28%) and "Career development" (28%) are the most frequent themes. They are followed by "Self-assessment and monitoring" (17%), "Key career transition points" (15%), and "Flexible working and career breaks" (13%). Themes and sub-themes are summarised and visually represented in Figure 1 using the sunburst chart technique whereby colour-coded concentric circles display a hierarchical relationship between major themes and sub-themes in proportion to the frequency of actions pertaining to each theme and sub-theme. focus as regards the target population, including also professional and support staff and students as well as considering the intersectionality of gender and other aspects of identity, such as sexuality, race, disability, age, and religion. Yet, Athena SWAN lacks the intervention types based on the wider ERA objective of integrating the gender dimension in research and education (see Table 1 , gender equality interventions distinctive to EFFORTI points 5-9). 
Self-assessment and monitoring
Self-assessment process
To participate in the Athena SWAN Charter, every department has established a self-assessment team (SAT) with broad representation of people and skills across the department and the remit to reflect on quantitative and qualitative data, evaluate relevant policies and practices, establish priority areas and targets, develop an evidence-based action plan, and evaluate its effectiveness against the agreed objectives [35] . Specific actions regarding self-assessment focus on institutionalising the SAT and its working groups within the departmental structure and securing necessary leadership and administrative support:
 "The SAT will develop and publish terms of reference including guidelines on purpose, recruitment to the committee, roles, length of service and will embrace a vision of committee aims." (D1, 2)
 "Embed work of the Athena SWAN Career Development Working Group in permanent training and development infrastructure of the [department] ." (D16, 6.3)
 "SAT will meet termly to discuss the implementation and progress of the Silver action plan" (D15, 1)
 "Explore appointment of a new post, an Athena SWAN lead, to the administrative team."
(D8, 1.1)
Data collection and analysis
Departmental SATs use a variety of sources, including surveys, focus groups, interviews, and databases to collect and analyse data on gender equality among staff and students at all levels.
Increasingly, SATs employ intersectional approaches to better understand the issues at the intersection of gender and other aspects of identity, such as sexuality, race, disability, age, and religion [50] . Actions to improve data collection and analysis range from making it more regular, reaching out to broader student and staff populations, and refining existing questions to trialling new methods, carrying out new types of analysis, and investigating new questions:
 "The SAT will run regular staff/student surveys and convene focus groups to assess the impact of our action plan" (D4, S1.2)
 "The question to determine gender in the survey should be posed as: 'Female, male, selfdefined, or prefer not to say' to capture the full spectrum of gender identities." (D5, 1.4)
 "Trial exit interviews to determine if they are an efficient way of capturing necessary information (balance of staff time vs. quality of information gathered)." (D5, 2.4)
 "Carry out a pay audit of all staff by grade scale point and gender." (D13, 6.9)
 "Investigate the barriers for appointment to senior clinical posts overseas." (D10, 4.4)
Key career transition points
Recruitment Departments strive to improve their recruitment practices by developing workforce intelligence and planning, improving the attractiveness of job opportunities to female applicants, using targeted recruitment, as well as by minimising selection bias through mandatory training, gender balance on selection panels, and more inclusive decision-making:  "HR to hold an induction/probationary meeting 3 months after the start date to ensure that the new starter is feeling settled and to check they are aware of policies, postdoc events, etc." (D5, 3.7)
 "Ensure initial career development discussions are held during probation." (D10, 3.1)
 "Continue to monitor the effectiveness of the induction process, and identify areas for improvement. Develop a mechanism to monitor the effectiveness of site-specific inductions." (D15, 10). 
Promotion
Permanent and long-term contracts
Athena SWAN has spurred departments in Medical Sciences to provide more job security for academic and research staff, the overwhelming majority of whom compete for research funding in tough market and remain on short fixed-term contracts. Departments take action to transfer eligible
staff on to open-ended contracts with support for at least as long as external research funding is available and set targets to increase the number of staff especially women on and permanent contracts:
 "Implement a transparent Department wide policy to review all staff on fixed-term contracts on a regular basis. Move staff from fixed-term to open contracts, where possible." (D8, 3.2)
 "We will introduce a clear and transparent system to allow the transfer of senior research fellows on to permanent contracts." (D4, S5. 
Personal development review
Athena SWAN has been instrumental to the institutionalisation of annual personal development review (PDR), which enables staff to have open conversations with their reviewer about their role, career aspirations, and development opportunities. Departments work to increase the awareness and uptake of PDR, provide training and guidance for reviewers and reviewees, and improve its effectiveness, especially, for researchers on a succession of short-term contracts, postdocs approaching independence, and other staff for whom PDR is particularly beneficial.
 "From 2017 we will move to undertaking PDR annually in April/May for all staff. We will 
Support
Departments organise workshops, coffee mornings, peer support groups, and subject-specific events to help students, early career researches, as well as professional and support staff to make informed career choices. The main focus of support with career development of academic and research staff is on securing external research funding and establishing independence. Departments provide methodological training, administrative support, internal peer review, and help develop interview skills for fellowship and grant applications, commit internal funding and support of senior researchers to develop applications, and seek to increase teaching opportunities for junior researchers:
 "Provide a fellowship coordination process to ensure all applications receive the same support (e.g. internal review, mock interview)." (D13, 1.12)
 "Develop a mechanism for staff to 'bid' for funded protected time to work on fellowship and grant applications." D8 5.2
 "Encourage senior staff to provide junior researchers with the opportunity to be a coapplicant on grant applications." (D8, 5.3)
 "Generate greater teaching opportunities for junior researchers, and monitor gender balance of uptake." (D15, 16)
 "Use Autumn School [for clinical medical students and foundation doctors] as a vehicle to inspire potential female academic psychiatrists." (D14, 3.7) 
Flexible working and managing career breaks
Managing career breaks
Athena SWAN has prompted departments to provide more support to women with managing maternity and other career breaks as well as introduce paternity and shared parental leave policies aimed at men. Departmental action plans contain further actions to improve the implementation of the existing policies and to commit resources to helping academic and research staff to return to research following a career break or a period of leave for caring responsibilities:
 "Plan how Shared Parental Leave will be managed in the department; also how to encourage women to consider sharing leave with their partner, and men to take leave." (D5, 7.1)
 "Introduce 'Buddy System' for staff on maternity, paternity, caring or sick leave to help ensure that people are kept up-to-date with departmental decisions and policies." (D2, 6.3)
 "Women returning to work after a period of maternity leave are to be given dispensation from teaching commitments." (D9, S23a)
 "Continue to promote the Returning Carers' Fund and encourage and support applications." (D12, 5.1)
Childcare and family life
Departments work to enhance the provision of childcare in their specific locations and help staff to reconcile work and family life more broadly. Many departments improve information about available childcare services, invest into the provision of parking, breastfeeding facilities, and sponsored nursery places, as well as try to create a more family-friendly environment:
 "Provide pregnancy car parking space for expectant mothers who are finding their usual mode of transport to work challenging." (D5, 7.6)
 "Our maternity/paternity focus group meeting raised the issue of a lack of breastfeeding support and facilities in the Department and the provision of a private room for breastfeeding is now underway." (D4, S6.4)
 "Invest in sponsored nursery places." (D2, 6.5)
 "Improve environment for women to discuss issues of home/ work-life balance with their line manager/supervisor" (D7, 11)
 "Support family friendly events in the divisions, to bring together staff, students and their families, and foster a sense of community in the department" (D13, 4.6)  "We will chase up the 5% of group leaders who did not attend the unconscious bias training to complete an online version of the course to ensure 100% compliance." (D5, 3.6)
Organisation and culture
Gender balance on committees
All departments work towards improving gender balance on committees, but with a varying degree of ambition. Whereas some department aim to improve gender balance relative to the proportion of group leaders, some other departments open up membership to all students and staff aiming to achieve absolute gender balance:
 "As number of female group leaders increases, increase their participation on committees.  "Achieve gender balance on departmental committees." (D14, 5.4)
Workload allocation model
The Athena SWAN process challenges departments to develop a fair and transparent workload allocation model, monitor it for gender bias, and use it for personal development review and promotion. Different departments are at different stages of implementing such a model, and in the majority of departments it remains limited to academic and research staff:
 "Set up a process, initially within PDR to look at workload, i.e., time spent on different core activities (research, internal administration and management committees, teaching and supervision, and outreach activities)." (D8, 4.3)
 "Work with [the Medical Sciences Division] to design a workload allocation model for clinical departments." (D12, 4.9)
 "The workload model analysis will be continued on an annual basis to work towards parity between male and female group leaders. We will publicise our workload model within the
University by arranging a workshop with other Departments in [Medical Sciences] and other
Divisions to discuss best practice. This will also feed into refining our model." (D1, 16)
 "Increase the proportion of staff who feel that their workload allocation is fair. Increase the transparency of workloads." (D2, 5.4)
Timing of departmental meetings
As part of Athena SWAN bronze awards, the majority of departments have addressed the timing of departmental meetings and social events to make them possible to attend for staff with caring 
Visibility of role models
All departments take action to promote visibility of role models and build gender equality and diversity into organisation of events and online materials:  "Run a series of public engagement/school outreach activities to attract female applicants from physical science disciplines, in which women are traditionally underrepresented." (D12,
1.2)
Complex contextually-embedded system of dynamic action planning
The five types of actions described above are organised into a complex contextually-embedded system of dynamic action planning and tailor-made to challenge gendered barriers to career progression at multiple, interacting levels ( Figure 2) . The systemic approach embraced herewith allows us to take a holistic view, considering that all parts of the system are interlinked. We thus consider the complex system in which the Athena SWAN scheme operates, acknowledging its nonlinear character and the multitude of variables at play. Area, our comparative analysis has a potential to inform policy and practice wide across Europe.
Athena SWAN as a complex social intervention
The results presented above demonstrate that the Athena SWAN Silver action plans conform to some of the key considerations of complexity and thus can be usefully framed as complex social interventions embedded in a complex system.
First, addressing a specific area of gender inequality is not enough in complex systems when designing gender equality interventions, as a variety of interconnected factors are involved in the process [51] . Scholars [12, 52] show that the efficacy of gender equality interventions depends not only on the quality but also on the quantity of the measures implemented [53] . Complex systems are characterised by multiple actions and areas of intervention with a focus on the local dynamics [12] .
Athena SWAN provides a dynamic system to address multiple cultural and structural aspects of Third, Rogers [37] highlights the challenges for impact assessment caused by the great number of variables involved in complex interventions, pointing out the persistent evolution of new variables in an adaptive system. In complex interventions, implementation, outcome, and impact become even less predictable, manageable and responsive to linear logic [55] . Therefore, the complexity approach focuses on the contribution -rather than attribution and causality -of interventions to the outcome and impact. Moreover, the complexity approach implies considering the increased probability of change as part of the desirable effect of complex interventions [12] . As a corollary, the expected impact of complex social interventions needs to be considered in terms of how they foster the conditions for change and increase the probability that change can occur in a particular complex setting [26, 56] . Athena SWAN action plans impact is hence expected in terms of contribution to change, improved conditions to foster change, and the increased probability that change can occur [26, 56] . 
Practical implications for impact assessment
While the assessment of the impact of the analysed Athena SWAN Silver actions is beyond the scope of this paper, the preceding discussion on Athena SWAN as a complex social intervention presents us with three practical implications for impact assessment 4 .
First, widening the areas where impact can be recognized. This requires going beyond what traditionally is perceived as impact and often measured quantitatively to also include qualitative parameters. Likewise, this requires taking into consideration the ability of interventions to produce impact within the targeted areas. Thus, it is important to anticipate the ability of the design and implementation of certain interventions to foster the expected "conditions for change" linking design, implementation and effect of interventions to adequate conditions to produce impact [56] .
Second, identifying potential impacts on the creation of the right conditions for change in a mediumand long-term perspective. This probabilistic stance makes impact assessment of complex interventions "less deterministic and more substantive" [12] . Probability can then be assessed "through a set of indicators pointing to the activation of internal change processes (e.g. the successful involvement of internal and external actors, the modification of relevant rules, and the creation of internal groups of actors aimed at pursuing change), as internal processes are likely to produce additional impacts with time" [26] .
Third, accounting for the influence of the context, the local dynamics, and the emerging conditions [57, 58] . Complex systems constantly adapt, not least, in response to interventions [36] . What seems to be a dominant cause of inequality at one point in time might shift later due to the constant interplay of a multitude of contextual factors [26] . As Greenhalgh and Papoutsi [40] state "we need to develop capability and capacity to handle the unknown, the uncertain, the unpredictable and the emergent" [59] . Together with fostering gender balance in research teams and in decision-making, integrating the gender dimension in research and education is one of three key objectives for promoting gender equality in research and innovation in Europe [23] . Research shows that increasing the participation of women in research and innovation "will not be successful without restructuring institutions and incorporating gender analysis into research" [60, 61] . Grounded on the Stanford University project "Gendered Innovations" 5 , the EC report "Gendered Innovations: How Gender Analysis Contributes to
Strategic opportunities to strengthen gender equality policies in the European
Research Area
Research" [23] demonstrated how sex and gender analysis enhances the scientific quality, societal relevance, and business value of research and provided tools and guidance to do so 6 .
Promoting the integration of sex and gender analysis in research and education represents a strategic opportunity to strengthen Athena SWAN in the given research-intensive study setting. There is a growing body of evidence on how the incorporation of sex and gender in research leads to a better health care [62] or how the disregard of gender aspects [63] [64] [65] leads to sub-optimal, sometimes harmful health care [32, 60, 66] . The world's leading health research funder, the US National Institutes of Health Research (NIH), has made it mandatory in 2016 that all researchers account for sex as a biological variable [67] . Many other health research funders world-wide have also introduced policies that require all grant applicants consider sex and gender variables in research design [68] .
Likewise, The European Association of Science Editors has introduced the Sex and Gender Equity in
Research (SAGER) guidelines to maximise the generalisability and applicability of research findings to 5 See http://genderedinnovations.stanford.edu/ 6 Practical methods of sex and gender analysis for researchers have been developed and checklists have been provided by experts. The Gendered Innovations project has for instance developed practical examples of how sex and gender analysis leads to gendered innovations in Science, Health & Medicine, Engineering and the Environment, see http://genderedinnovations.stanford.edu/ clinical practice [69] . The SAGER guidelines help editors and researchers to ensure the adequate reporting of sex and gender information in study design, data analysis, results, and interpretations of findings [70, 71] . Moreover, including sex and gender analysis in the curricula of Medical Sciences courses helps students improve their study design, analysis, and reporting skills [60] , and gendersensitive curricula, portraying gender in a non-stereotypical way, may make academic and research careers in Medical Sciences more attractive to all irrespective of gender [72] .
Conclusions
To 
